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Thermal resistant leatherAbstract Doped nanoparticles based on titanium dioxide are of interest for their multifunctional
properties and enlarged photocatalytic activity in visible domain. Silica doped titanium dioxide
nanoparticles were prepared by hydrothermal method and their structural characteristics and pho-
tocatalytic activity were determined, in order to be used for leather coating as alternative to halogen
based flame retardants and dry cleaning solvents. A range of concentrations from 2% to 20% silica
doped titanium dioxide nanoparticles (% denotes the theoretical weight percent of Si) was synthe-
sized and characterized by ICP-OES, FT-IR, UV-vis spectroscopy, XRD, HRTEM and DLS. Tita-
nium dioxide network penetration was supported by Si-O-Ti and OH identification in FT-IR
spectra mainly on surface of 10% and 20% silica doped titanium dioxide nanoparticles. The
increase of Si-O-Ti bonds with Si dopant concentration acts as efficient barriers against sinterization
and growth of TiO2 particles and explains the low particle size identified in HRTEM analyses as
compared to undoped TiO2NPs. UV-vis diffuse reflectance spectra of doped titanium dioxide
nanoparticles showed the shifting of absorption band to visible domain for 10% silica doped tita-
nium dioxide nanoparticles. The crystallite sizes were calculated from XRD spectra, ranging
between 16.2 and 18.1 nm. HRTEM measurement of hydrothermally synthesized titanium dioxide
nanoparticles showed anatase crystallites in the range of 8.8–27 nm, while in the 20% silica dopednd their
2 C. Gaidau et al.
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application for leather surface functionalizattitanium dioxide nanoparticle sample smaller crystallite with sizes between 2.7 nm and 3.5 nm was
identified due to the constraints of the SiO2-based amorphous matrix. Nano sizes of 64 nm and
72 nm were found in water dispersions of 10% and 20% silica doped titanium dioxide nanoparticles
and the Zeta potentials were of 53.6 mV and 52.9 mV, which indicate very good stabilities. The
leather surface treated with composites of film forming polymers and 10% silica doped titanium
dioxide nanoparticles displayed photocatalytic properties against methylene blue dye under UV
and visible light exposure, attributed to reactive species generation with effect on surface
hydrophilicity increase. The activation energies for decomposition of leathers treated with 10%
and 20% silica doped titanium dioxide nanoparticles were 2.083  104 J/mol and 2.36  104 J/mol
respectively, as compared to 6.576  103 J/mol for untreated leathers, showing increased thermal
stability according to DSC measurements. The hydrothermal route for silica doped nanoparticle
preparation proved advantages in enhancing photocatalytic properties in the visible domain and
thermal resistance, with prospect for multifunctional applications.
 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Titanium dioxide nanoparticles (TiO2NPs), the most promising photo-
catalyst, are already used in various practical applications, such as
water and air purification, surface self-cleaning and self-sterilizing
(Fujishima et al., 2008; Gupta and Tripathi, 2011; Zaleska, 2008;
Shapovalov, 2010; Beydoun et al., 1999; Liou and Chang, 2012; Nie
et al., 2009), and optical and dielectric devices based on oxide films
(So¨nmezoglu et al., 2012; So¨nmezoglu, 2013). However, because of
their large band gap of 3.20 eV only the small UV fraction of solar
light, about 4–6%, can be utilized. The modification of TiO2 to render
it sensitive to visible light is one of the most important goals to increase
the utility of TiO2NPs (Fujishima and Zhang, 2006). The presence of
the doping ions in the titania structure caused significant absorption
shift to the visible region compared to pure TiO2 nanopowder
(Serpone et al., 1994; Takeuchi et al., 2000; Liu et al., 2005, 2009;
Meng et al., 2010; Chen et al., 2008). Highly active radical species pro-
duced at TiO2 surface under UV/visible light irradiation participate in
oxidation reactions and facilitate the destruction of organic contami-
nants, microorganism’s inactivation (Rehman et al., 2009) and heat
resistance improvement (Moafi and Shojaie, 2011). It is well known
that doping TiO2 with silica can significantly increase its photocatalyt-
ical activity (Bui et al., 2011; Li et al., 2011; Yan et al., 2005; Alaoui
et al., 2009; Lu et al., 2011; Mirabedini et al., 2011). Thus, Liu et al.
(2004) have reported a three times higher catalytical performance of
TiO2 doped with 10% (weight percent) Si compared to a commercial
TiO2 sample, from Degussa P25, used for formaldehyde decomposi-
tion. The efficiency of TiO2/SiO2 material produced by a sol-gel
method, as compared to TiO2 alone or mixed TiO2/Al2O3 materials,
was demonstrated in photocatalytic decomposition of phenol and
was explained by a more efficient use of the TiO2 sites (Anderson
and Bard, 1997). The enhanced crystal stability and photocatalytic
activity were developed by addition of SiO2 as a dopant for TiO2
(Klaysri et al., 2015) and were attributed to the suppression of the
phase transformation of titania from anatase to rutile and the forma-
tion of oxygen vacancies (Cheng et al., 2003). The silica influences on
better thermal stability and mechanical strength of TiO2-SiO2 systems
are explained by delay in the titania crystallization to anatase with a
smaller growth of crystals (Calleja et al., 2008).
Zhan et al. (2014) prepared TiO2 doped with SiO2 by the sol-gel
method combined with electrospinning and the mesoporous 10%
SiO2 doped TiO2 fibrous catalysts calcined at 400 C in air showed
the highest photocatalytic activity against toluene as compared to
other doped SiO2 concentrations.
Silica-based materials are considered promising as flame retardant
material because they do not release corrosive fumes during combus-
tion and are environmentally friendly as coating materials (Liang. et al., Preparation of silica doped tita
ion. Arabian Journal of Chemistry (201et al., 2013). Totolin et al. (2010) have deposited SiO2 on cellulose
materials proving that the altered substrate exhibits improved flame
retardant properties.
The present paper investigated the role of silica in improving the
thermal stability and photocatalytic activity of TiO2NPs with the
aim of using it in leather surface coatings as an alternative to halo-
genated organic compounds used as flame retardant or dry cleaning
solvents.
TiO2NP doped with SiO2 was obtained using hydrothermal
method in high-pressure and low-temperature synthesis conditions,
which is a well known and attractive technique for producing pure
nanocrystalline, highly homogeneous nanoparticles in a single step,
in aqueous medium, with low energy consumption (Gupta and
Tripathi, 2012; Wang et al., 2011; Hirano and Ichihashi, 2009; Lu
et al., 2012; Yoshimura and Byrappa, 2008; Ivanov et al., 2010; Ban
et al., 2011). The hydrothermal method has proven to be an effective,
convenient and environmentally friendly process as compared to sol-
gel methods which use metal alkoxides and organic solvents
(unfriendly compounds for the environment) and organic residues
are eliminated in a secondary step at high temperatures. Hydrothermal
synthesis at high pressure is characterized by three main advantages: (i)
low energy consumption, developed by applying pressure; (ii) negative
DV value between the total molar volume of reaction products and the
total molar volume of reactants and (iii) improvement of the chemical
reactivity.
This paper presents experimental results regarding doping of TiO2-
NPs with SiO2, demonstrating efficiency in improving the photocat-
alytic activity of TiO2 in the visible-light range, evidenced by diffuse
reflectance spectra (DRS) and dye decomposition tests. Leather surface
finishing with doped TiO2NPs and the investigation of leather surface
properties such as self-cleaning and thermal resistance, showed that
there are promising perspectives to develop multifunctional properties
as an alternative to the use of organic volatile compounds.
2. Materials and methods
2.1. Doped TiO2 nanoparticle preparation
Nanostructured powders based on TiO2 doped with SiO2 were
synthesized by hydrothermal method starting from TiCl4
(Fluka) and Na2SiO3 (Scharlau Chemie) solutions. Aqueous
solution of TiCl4 was stirred under continuous and controlled
cooling with H2O2, leading to TiO2Cl2 formation. NH3 25% p.
a. (Chimopar, Bucharest) used as a mineralizing agent was
added until an alkaline suspension with pH = 9.5 wasnia nanoparticles with thermal stability and photocatalytic properties and their
6), http://dx.doi.org/10.1016/j.arabjc.2016.09.002
Table 1 Classical formula for leather surface finishing.
Leather surface
coatings and
products
Concentration Application
Base coat
Water emulsion of
acrylic resins and
filler
250 mL/L 4 coatings by gun spraying
with intermediary free drying.
Ironing at 110 C and 20 kgf
with leather ironing press
Water based
casein pigment
110 g/L 2 coatings by gun spraying
with intermediary free dyeing
Top coat
Water based
nitrocellulose
850 mL/L 2 spray coatings with
intermediary free drying and
final ironing at 110 C and 20
kgf with leather ironing press
Preparation of silica doped titania nanoparticles and their application 3obtained. This suspension was transferred to an autoclave
(Cortest, USA) for hydrothermal synthesis at 200 C and
40 atm. The resulting powders were lyophilized at -50 C using
a Martin Christ Alpha 1–2 LD Plus freeze dryer. For compar-
ative reasons, undoped TiO2 nanostructured powder was syn-
thesized in similar conditions.
2.2. Nanoparticle characterization
Chemical composition of SiO2 doped TiO2NPs was analyzed
by Inductively Coupled Plasma - Optical Emission Spectrom-
etry (ICP-OES). Nanoparticles were structurally and morpho-
logically characterized using the following techniques: X-ray
diffraction (XRD), Dynamic Light Scattering (DLS), High
Resolution Transmission Electron Microscopy (HRTEM),
FT-IR and UV-vis spectroscopy.
2.2.1. Inductively coupled plasma - optical emission
spectrometry (ICP-OES)
Analytical method for determining Si dopant was based on
inductively coupled plasma-optical emission spectrometry
(ICP–OES), according to ASTM E 1479-99(2011) standard.
Agilent 725 ICP-OES system (Agilent technologies, USA)
was used. Plasma temperature in analytic area was 8.000 K
and the wavelength used by ICP-OES for Si quantification
was 251.611 nm.
2.2.2. X-ray diffraction (XRD)
The X-ray diffraction (XRD) patterns of nanostructured pow-
ders were obtained using BRUKER D8 ADVANCE diffrac-Table 2 Crystallite size and crystalline phase identification of hydr
NP samples Si concentration
(theoretical value), %
Si concentration
(practical value), %
Crystallite
(Scherrer)
TiO2 0 – 15
TiO2-2SiO2 2 1.8 16.2
TiO2-5SiO2 5 4.3 16.7
TiO2-10SiO2 10 9.2 16.8
TiO2-20SiO2 20 17.2 18.1
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Brentano diffraction method, assisted by DIFFRACplus
XRD Commender software. Scans were obtained in the 2h
range 4–74, with a step size of 0.02 every 2 s. The crystallite
size was calculated by Scherrer method for hydrothermal syn-
thesized TiO2 and SiO2 doped TiO2NPs.
2.2.3. High Resolution Transmission Electron Microscopy
(HRTEM)
Morphostructural characterization was performed by High
Resolution Transmission Electron Microscopy (HRTEM)
with a Tecnai F30, G2S Twin (1 A˚ line resolution) device of
FEI Company with 50–300 kV electron source and 230,000
magnification. The nanopowders were dispersed in ethanol
by mechanical stirring for 15 min and sprayed onto copper
EM grid percoated with carbon. Particle size measurements
were performed through Digital MicrographTM, Gatan Inc.,
image acquisition and processing software.
2.2.4. Dynamic Light Scattering (DLS) technique
Zetasizer Nano ZS equipment (Malvern Instruments, UK) was
used for particle size and Zeta potential measurements of
selected nanopowders dispersed in aqueous suspensions, stabi-
lized with 0.03% PEG 600.
2.2.5. FT-IR spectroscopy
Molecular structures of SiO2 doped TiO2NPs for selected
nanoparticles were characterized using FT-IR spectroscopy.
FT-IR spectra were recorded in the transmission mode on a
ABB MB 3000 spectrometer equipped with EasiDiff device
for powder analyses, between 4000 and 550 cm1 wave num-
bers, and consisted of 64 scans at 4 cm1 resolution.
2.2.6. UV-vis spectroscopy
UV-vis diffuse reflectance spectra (DRS) were measured with a
JASCO V 570 spectrophotometer, equipped with integrating
sphere accessory with the wavelength ranging from 300 to
600 nm. As standard for these measurements, BaSO4 was used.
DRS were performed in order to evaluate the shifting of
absorption peak from UV to Vis range for selected doped
nanoparticles as compared to the undoped nanoparticles.
2.3. Leather finishing with nanoparticle-doped composites and
characterization of leather properties
2.3.1. Leather finishing with nanoparticle-doped composites
The sheepskin white crust leathers were finished by integrating
the nanoparticles in the base coat mixture using polyethylene
glycol (PEG 600, Romaqua SA) (Bitlisi and Yumurtas,
2008), by mechanical and ultrasound stirring (Petica et al.,othermal TiO2 and TiO2-SiO2NPs through XRD.
size
, nm
Crystalline phase identification
91.5% anatase; 8.5% brookite
90.6% anatase; 7.1% brookite
90.1% anatase; 7.5% brookite
Anatase (major phase); halite (traces) –side reaction product
Anatase (major phase); halite (traces) –side reaction product
nia nanoparticles with thermal stability and photocatalytic properties and their
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Figure 1 XRD spectra of (a) TiO2; (b) TiO2-2SiO2; (c) TiO2-5SiO2; (d) TiO2-10SiO2; (e) TiO2-20SiO2 nanostructured powders.
4 C. Gaidau et al.2015) to get a good dispersion and by leather surface spraying.
The control sample was processed with the finishing composite
without nanoparticles using the same classical formula for base
coat layer followed by nitrocellulose lacquer emulsion top
coating (Table 1).
2.3.2. Characterization of leather properties
(a) Self-cleaning properties under UV-vis light
The leathers were stained with 2 lL of methylene blue
(C16H18ClN3S3H2O) dye (MB) and were subjected to UVPlease cite this article in press as: Gaidau, C. et al., Preparation of silica doped tita
application for leather surface functionalization. Arabian Journal of Chemistry (201(VL 204 with irradiation at 365 nm) and visible (500 W halo-
gen lamp) light exposure. The stain color modification was
assessed over time by photography and color parameter mea-
surement using DATA Color Check Plus II portable device
assisted by CIELab color management software.
(b) Scanning electron microscopy (SEM) coupled with
Energy Dispersive X-ray spectroscopy (EDX)
SEM-EDX with Quanta 200 FEI instrument was used to
evaluate the leather coating appearance and nanoparticle uni-
form dispersion. A supplementary 3D image for the selectednia nanoparticles with thermal stability and photocatalytic properties and their
6), http://dx.doi.org/10.1016/j.arabjc.2016.09.002
Figure 2 HRTEM image of (a) TiO2NPs; (b) TiO2-10SiO2NPs; (c) TiO2-20SiO2NPs.
Figure 3 Size distribution of (a) TiO2-10SiO2NPs in aqueous dispersion and (b) TiO2-20SiO2NPs in aqueous dispersion.
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Figure 4 Zeta potential of (a) TiO2-10SiO2NPs in aqueous dispersion and (b) TiO2-20SiO2NPs in aqueous dispersion.
Figure 5 FT-IR spectra for (a) TiO2-10SiO2NPs and (b) TiO2-20SiO2NPs.
Figure 6 DRS of TiO2NPs, TiO2-10SiO2NPs and TiO2-
20SiO2NPs.
6 C. Gaidau et al.leather sample as compared to control sample was captured
with a SEM type Phenom ProX device.
(c) Thermal properties
The thermal analysis of leathers treated with TiO2-SiO2NPs
was assessed by Differential Scanning Calorimetry-thermalPlease cite this article in press as: Gaidau, C. et al., Preparation of silica doped tita
application for leather surface functionalization. Arabian Journal of Chemistry (201gravimetry (DSC-TG) with Setaram Setsys Evolution device
in air atmosphere and alumina crucible. The heating rate
was 20 C/min in the temperature range 25–750 C. Data anal-
ysis was performed with the Calisto software.
(d) Hydrophilic properties
The contact angle of water drop on leather surface was
measured after 1 h, 2 h and 1 h rest after the UV and Vis expo-
sure, with VGA Optima XE device.
3. Results and discussion
3.1. Structural characterization of doped TiO2 nanoparticles3.1.1. Dopant composition
Dopant composition of TiO2-SiO2NPs expressed as Si concen-
tration is presented in Table 2 and showed a range of
hydrothermal nanopowders with theoretical concentrations
of 2%, 5%, 10% and 20% Si reported to whole sample weight
and practical values of 1.8%, 4.3%, 9.2% and 17.2% Si. The
used hydrothermal method allowed the synthesis of TiO2NPsnia nanoparticles with thermal stability and photocatalytic properties and their
6), http://dx.doi.org/10.1016/j.arabjc.2016.09.002
Figure 7 Self-cleaning of leather surface under UV exposure.
Preparation of silica doped titania nanoparticles and their application 7and the successful loading of different quantities of Si in a sin-
gle step, with controlled morphology and sizes.
3.1.2. X-ray diffraction (XRD)
The investigation of hydrothermal synthesized TiO2-SiO2NPs
allowed identification of the crystallite structure and sizes
and the results are shown in Table 2. The anatase structures
were generated through hydrothermal synthesis route with
crystallite sizes of 16.2–16.7 nm for TiO2-2SiO2NPs and
TiO2-5SiO2 NPs, as compared to 15 nm, the size of TiO2NPs.
Crystallite sizes of TiO2-10SiO2NPs and TiO2-20SiO2NPs were
of 16.8 nm and 18.1 nm showing a significant modification of
crystallite phase as compared to the other samples, due to
the influence of the optimum dopant concentration able to
suppress phase transformation, in agreement with the litera-
ture data (Cheng et al., 2003).
X-ray diffraction spectra of TiO2, TiO2-2SiO2NPs and
TiO2-5SiO2NPs nanostructured powders, respectively, are
depicted in Fig. 1a–c, and showed a predominantly anatase
structure (91.5–90.1%) with low rate of brookite crystalline
phase (7.1–8.5%).
XRD spectra of TiO2-10SiO2NPs and TiO2-20SiO2NPs
samples are depicted in Fig. 1d–e and showed a major anatase
phase and trace amounts of halite (NaCl) as a side product of
the hydrothermal reaction. The crystallite sizes of hydrother-
mally synthesized TiO2-SiO2NPs were similar to sol-gel
silica-doped titania photocatalyst after the thermal treatment
at 800 C with values of 12 nm and with values of 23 nm after
the treatment at 950 C, but with different compositions in sil-
ica concentration and crystallite structures (Cheng et al., 2003).
3.1.3. High-resolution transmission electron microscopy
(HRTEM)
Small anatase crystallites demonstrated by interplanar dis-
tances of 3.52 A˚ and Miller indices (101) were identified in
the case of TiO2 and TiO2-10SiO2NP samples
(Fig. 2a and b). The crystallite sizes of hydrothermally synthe-
sized TiO2NP were in the range 8.8–27 nm, while in the TiO2-
20SiO2NP sample they were between 2.7 nm and 3.5 nm
(Fig. 2c) due to the constraints of the SiO2-based amorphous
matrix. The other explanation of smaller particle sizes is the
role of silica in TiO2 crystallization process delay with effect
on lowering the crystal size (Calleja et al., 2008). Well-
developed morphology of the primary nanocrystallites under
hydrothermal conditions can explain the enhanced photocat-
alytic properties according to other authors (Cho et al., 2003).Table 3 The self-cleaning properties of leather surface under UV li
Control L-TiO2NPs L-TiO2-5SiO2
Initial stained
After 60 h of UV light exposure
Please cite this article in press as: Gaidau, C. et al., Preparation of silica doped tita
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The aqueous dispersions of TiO2-10SiO2NPs and TiO2-
20SiO2NPs made in the same conditions showed higher parti-
cle sizes for the major percent of nanoparticles of 64 nm
(Fig. 3a) and 72 nm (Fig. 3b), respectively. The stabilities of
TiO2-10SiO2NPs and TiO2-20SiO2NPs dispersions were high,
with Zeta potentials of 53.6 mV (Fig. 4a) and 52.9 mV
(Fig. 4b) which represent the premises for well dispersed NPs
and stable leather finishing composite preparation. The influ-
ence of silica in hindering the agglomeration of TiO2 domains
in TiO2-SiO2 materials was explained through silica role in
titania interface stabilizations (Anderson and Bard, 1997).
3.1.5. FT-IR spectroscopy
The comparison of FT-IR spectra of TiO2-SiO2NPs showed
that for higher concentration of SiO2 the intensity of the bands
corresponding to the deformation vibration of Si-O-Si (1050–
1066 cm1, 750–718 cm1) and Si-O-Ti (950–910 cm1)
increased, which means that Si penetrated the TiO2 network
and a complex compound of TiO2 and Si was generated
(Fig. 5a and b). The increase of Si-O-Ti bonds with Si dopant
concentration acts as efficient barriers against sinterization and
growth of TiO2 particles and explains the low particle size
identified in TEM analyses as compared to undoped TiO2NPs
(Jung et al., 2001). The other studies showed that silica pro-
motes the Si-O-Ti bonds and oxygen vacancies in titania struc-
ture with effect on enhancement of photocatalytic propertiesght exposure (L-leather).
L-TiO2-10SiO2 L-TiO2-20SiO2
nia nanoparticles with thermal stability and photocatalytic properties and their
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Table 4 The self-cleaning properties of leather surface under visible light exposure (L-leather).
Control L-TiO2 L-TiO2-5SiO2 L-TiO2-10SiO2 L-TiO2-20SiO2
Initial stained
After 3 h of visible light exposure
After 30 h of visible light exposure
Figure 8 Self-cleaning of leather surface under visible light
exposure.
8 C. Gaidau et al.(Cheng et al., 2003). The inclusion of silica in the titanium
crystalline network creates active defects with influence on cat-
alytic photoactivity (Yamashita et al., 1998).Table 5 Thermal characteristics of leather treated with TiO2-SiO2N
Leather based samples Peak 1 Peak 2
T, C DH,
J/g
Time, s T, C DH,
J/g
Tim
Control (untreated
leather)
113 309 365 263 346 765
L-TiO2-2SiO2 124 471 389 270 291 780
L-TiO2-5SiO2 127 526 397 270 355 781
L-TiO2 151 298 468 272 419 788
L-TiO2-10SiO2 152 390 471 273 344 787
L-TiO2-20SiO2 142 396 480 287 354 787
Please cite this article in press as: Gaidau, C. et al., Preparation of silica doped tita
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nanoparticles
10% and 20% silica doped TiO2NPs along with undoped
TiO2NPs were subjected to DRS measurements in order to
compare the photocatalytic efficiency of these samples. The
absorption shift in visible range in the case of 10% silica
dopant concentration can be attributed to the lowering of
recombination rate of exited electron-hole pairs of TiO2NPs,
with effect on the higher photoadsorption of O2 and the possi-
bility to generate improved self-cleaning properties (Aguado
et al., 2006). In our study we found that the concentration of
silica is important for photoactivity enhancement of TiO2NPs
and 20% silica dopant can cover the reactive sites with no
improved effect in visible light in a similar manner for other
reported sol-gel binary oxides prepared for organic compound
photo decomposition (Jung et al., 2001).
Fig. 6 presents the enhancement of absorbance recorded for
TiO2-10SiO2NPs, which suggests the highest photocatalytic
reactivity upon UV-vis light (Wei et al., 2008).
3.2. Leather surface characterization
3.2.1. Self-cleaning properties under UV-vis light exposure
Based on the results obtained from DRS analysis, TiO2-
SiO2NPs were further selected for testing self-cleaning proper-
ties. The MB color modification under UV-vis exposure wasPs (L-leather).
Peak 3 Peak 4 Dm total,
%
e, s T, C DH,
J/g
Time, s T, C DH,
J/g
Time, s
421 23 1199 93.99
431 31 1225 484 153 1375 90.97
382 53 1088 479 264 1365 89.69
445 368 1264 78.82
383 53 1095 502 283 1431 79.56
335 131 1210 428 205 1400 79.48
nia nanoparticles with thermal stability and photocatalytic properties and their
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Figure 9a DSC-TG curve of control sample (untreated leather).
Figure 9b DSC-TG curve of L-TiO2-2SiO2.
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Figure 9c DSC-TG curve of L-TiO2-5SiO2.
Figure 9d DSC-TG curve of L-TiO2-10SiO2.
10 C. Gaidau et al.
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Figure 9e DSC-TG curve of L-TiO2-20SiO2.
Preparation of silica doped titania nanoparticles and their application 11surveyed over time as compared to the control sample by pho-
tography (Table 3) and photocolorimetry measurement
(Fig. 7). The lightness difference (DL*) of MB stain measured
at initial time and after UV and visible light exposure was
higher for leather surface treated with TiO2-SiO2NPs and the
self-cleaning effect was faster under visible light exposure.
Table 3 shows that after 60 h of exposure at UV light, the
MB stains of the leather surfaces treated with TiO2-
10SiO2NPs were the most discolored.
Under visible light, the degradation of MB stain started
after 3 h of exposure, and became evident in 5 h and after
30 h of exposure all leather surfaces treated with doped
nanoparticles were cleaned as compared to control sample
and to the sample treated with undoped TiO2 nanopowder
(Table 4 and Fig. 8). The influence of silica doping concentra-
tion showed that neither the low concentration (TiO2-
5SiO2NPs), nor the too high silica concentration (TiO2-
20SiO2NPs) is efficient, probably due to the low influence on
titania electron-gap transfer at low concentration and to the
phase separation at high concentration (Cheng et al., 2003).
The covering of TiO2NPs with SiO2 in the case of TiO2-
20SiO2NPs can hinder the accessibility of the MB stain with
the active site of the titanium oxide species, resulting in a
decrease in the photocatalytic reactivity of the catalysts
(Yamashita et al., 1998).
3.2.2. Thermal behavior of leather surface treated with doped
TiO2 nanoparticles
It is known that doping of TiO2 with SiO2 improves flame
retardant properties; therefore, thermal resistance of leather
treated with TiO2-SiO2NPs was investigated using DSC-TG
analysis up to 750 C.
The investigation of thermal resistance of leathers treated
with TiO2-SiO2NPs clearly showed a delay in leather samplePlease cite this article in press as: Gaidau, C. et al., Preparation of silica doped tita
application for leather surface functionalization. Arabian Journal of Chemistry (201decomposition (higher temperature for the first two stages
and last stage), a supplementary stage of decomposition (cor-
responding to the TiO2-SiO2 compound formation assisted
by oxy and hydroxy species) and a reduced total mass loss
(Table 5).
3.2.3. Degradation kinetics study of leather treated with doped
TiO2 nanoparticles
Thermal degradation kinetics study of leather samples treated
with TiO2-SiO2NPs was performed by isoconversional analysis
using Kissinger method, because the method is considered to
be independent of the type of analyzed process (Brown et al.,
2001). This method is based on the following equations:
fðaÞ ¼ ð1 aÞn
da=dT ¼ A=bexpðE=RTÞð1 aÞn
A
b
exp  E
RTmax
 
nð1 aÞðn1Þ ¼ E
RT2max
where a – transformation degree; n – reaction degree; E – acti-
vation energy; R – Gas constant; T – absolute temperature (K);
b – constant heating rate.
A plot of ln (b/T2max) versus 1/Tmax for a series of exper-
iments at different heating rates is a line with slope –E/R, so we
can calculate the activation energy E of the thermal process
taking place. A Mathcad subroutine was used.
The DSC-TG curves for leather treated with TiO2-SiO2NPs
compared with untreated leather are presented in Figs. 9a–9e.
Thermal analysis has highlighted several endothermic peaks
which could be assigned to the following: dehydration of
leather and oxide (peak 1), melting/softening of crystalline
phase from collagen/leather (peak 2), decomposition of
organic compounds from leather/collagen (peak 3), accompa-nia nanoparticles with thermal stability and photocatalytic properties and their
6), http://dx.doi.org/10.1016/j.arabjc.2016.09.002
Figure 10 Kissinger graphs: (a) untreated leather; leather treated with: (b) L-TiO2-2SiO2; (c) L-TiO2-5SiO2; (d) L-TiO2-10SiO2 and
(e) L-TiO2-20SiO2.
Table 6 Activation energies for the decomposition of leather treated with TiO2-SiO2NPs (L-leather).
b, C/min Peak decomposition temperature, C
Control L-TiO2-2SiO2 L-TiO2-5SiO2 L-TiO2-10SiO2 L-TiO2-20SiO2
10 262 256 260 311 315
20 421 382 382 421 414.9
30 484 483 475 424 426.8
40 543 554 542 418.5 411.4
E, J/mol 6.576  103 6.774  103 6.759  103 2.083  104 2.36  104
12 C. Gaidau et al.nied by a phase transformation probably due to the formation
of complex compounds based on Ti and Si oxy-hydroxides
(peak 4). The last peak appears only in the case of doped
nanooxides.Please cite this article in press as: Gaidau, C. et al., Preparation of silica doped tita
application for leather surface functionalization. Arabian Journal of Chemistry (201Samples based on TiO2NPs or TiO2-SiO2NPs lead to a
slight increase in the temperatures corresponding to thermal
effects assigned to the first two peaks. Also, a shift of peak 1
to higher temperatures is observed, which could be explainednia nanoparticles with thermal stability and photocatalytic properties and their
6), http://dx.doi.org/10.1016/j.arabjc.2016.09.002
Figure 11 Contact angle of water on leather surface exposed to
UV and visible light.
Figure 12 EDX analyses of Si doping element for
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Please cite this article in press as: Gaidau, C. et al., Preparation of silica doped tita
application for leather surface functionalization. Arabian Journal of Chemistry (201by the increase in thermal stability of the samples treated with
TiO2NPs or TiO2-SiO2NPs. Also, total mass loss diminishes in
the case of leather treated with oxide materials (TiO2-SiO2)
compared with the control (untreated leather).
Fig. 10 represents Kissinger lines of peak 3, assigned to
decomposition of organic compounds from leather (collagen
and organic chemical auxiliary materials used for leather pro-
cessing). Calculated activation energies are presented in
Table 6. An increase of about 3 times can be seen for the acti-
vation energy of the decomposition process for the treated
leather when Si concentration increases from 5% to 10–20%.
This effect can be explained by the increasing absorbed energy
with SiO2 transformation from doped nanooxides.(a) TiO2-10SiO2NPs and (b) TiO2-20SiO2NPs.
nia nanoparticles with thermal stability and photocatalytic properties and their
6), http://dx.doi.org/10.1016/j.arabjc.2016.09.002
Figure 13 SEM image of leather surface treated with film forming polymers and TiO2-10SiO2NPs (b and c) and TiO2-20SiO2NPs (d) as
compared to the control sample (a and e).
14 C. Gaidau et al.3.2.4. Dynamic contact angle of water on leather surface
The photocatalytic processes under UV and visible light were
identified in a dynamic test regarding the generation of hydro-
xyl species and hydrophilic surface after 1 h, 2 h and 1 h rest of
UV and visible exposure. The water contact angle measured
for leather surface treated with TiO2-10SiO2NPs in compar-
ison with leather surface treated with TiO2NPs presented in
Fig. 11 showed a hydrophilic surface generation after 1 h expo-
sure to visible and UV light. The hydrophilicity was more evi-
dent after 1 h of visible light exposure with preservation of the
characteristics after 2 h and 1 h rest as compared to initial state
and to untreated leather surface. This behavior explains the
photocatalytic generation of reactive species such as hydroxyl
radicals (OH) and superoxide anions (O2
) with self-cleaning
properties against organic stains on leather surface.
The efficient self-cleaning properties on leather surfaces are
connected to the photoreactivity of nanoparticles and to the
surface morphology which was investigated by SEM-EDX.
3.2.5. Scanning electron microscopy (SEM) coupled with
energy dispersive X-ray (EDX)
The doping element of TiO2-10SiO2 and TiO2-20SiO2 NPs was
identified by EDX on leather surface (Fig. 12a and b). The uni-
form distribution of nanoparticles on leather surface is a key
factor for both photocatalytic self-cleaning properties and
thermal resistant surface and can be seen in Fig. 13 in compar-
ison with the control sample.
The visible light photoreactivity on doped TiO2NPs surface
and the appropriate silica concentration for both functions,
photocatalytic reactivity enhancement and thermal resistancePlease cite this article in press as: Gaidau, C. et al., Preparation of silica doped tita
application for leather surface functionalization. Arabian Journal of Chemistry (201improving were achieved through TiO2-10SiO2NPs prepared
by hydrothermal method. Leather surface coating with silica
doped TiO2NPs represents a progress in NPs application due
to the development of self-cleaning and thermal resistance
properties as compared to the results reported in this field
(Bitlisi and Yumurtas, 2008; Petica et al., 2015; Xu et al.,
2015).
5. Conclusion
Silica doped titanium dioxide nanoparticles were prepared by
hydrothermal method and their structural characteristics and photo-
catalytic activity were determined, in order to be used for leather coat-
ing as alternative to halogen based flame retardants and dry cleaning
solvents. A range of concentrations from 2% to 20% silica doped tita-
nium dioxide nanoparticles was synthesized and characterized by ICP-
OES, FT-IR UV-vis spectroscopy, XRD, HRTEM and DLS. Tita-
nium dioxide network penetration was supported by Si-O-Ti and
OH identification in FT-IR spectra mainly on surface of 10% and
20% silica doped titanium dioxide nanoparticles. The increase of Si-
O-Ti bonds with Si dopant concentration acts as efficient barriers
against sinterization and growth of titanium dioxide nanoparticles
and explains the low particle size identified in HRTEM analyses as
compared to undoped titanium dioxide nanoparticles. UV-vis diffuse
reflectance spectrum was shifted to visible domain for 10% silica
doped titanium dioxide nanoparticles. The crystallite sizes calculated
from XRD spectra slightly increased from 16.2 nm to 18.1 nm with sil-
ica concentration. HRTEM measurement of hydrothermally synthe-
sized titanium dioxide nanoparticles showed anatase crystallites in
the range of 8.8–27 nm, while in the 20% silica doped titanium dioxide
nanoparticle sample smaller crystallites with sizes between 2.7 nm and
3.5 nm were identified due to the constraints of the SiO2-based amor-nia nanoparticles with thermal stability and photocatalytic properties and their
6), http://dx.doi.org/10.1016/j.arabjc.2016.09.002
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lites under hydrothermal conditions can explain the enhanced photo-
catalytic properties.
Nano sizes of 64 nm and 72 nm were found in water dispersions of
10% and 20% silica doped titanium dioxide nanoparticles and the
Zeta potentials were of 53.6 mV and 52.9 mV, which indicate very
good stabilities. The leather surface treated with composites of film
forming polymers and silica doped titanium dioxide nanoparticles
had photocatalytic properties for methylene blue dye under UV and
visible light exposure attributed to surface reactive species generation
with effect on surface hydrophilicity increase. The activation energies
for decomposition of leathers treated with 10% and 20% silica doped
titanium dioxide nanoparticles were 2.083  104 J/mol and 2.36  104 -
J/mol respectively, as compared to 6.576  103 J/mol for untreated
leathers, showing increased thermal stability according to DSC mea-
surements. The hydrothermal route for silica doped nanoparticle
preparation proved advantages in enhancing photocatalytic properties
and thermal resistance, with prospect for multifunctional applications.
Acknowledgments
This work was supported by a grant of the Romanian
National Authority for Scientific Research, CNDI-
UEFISCDI, project number 167/2012 –SELFPROPIEL.
The authors thank Dr. Eugeniu Vasile from POLITEHNICA
University Bucharest for HRTEM analysis.
References
Aguado, J., van Grieken, R., Lo´pez-Mun˜oz, M., Maruga´n, J., 2006. A
comprehensive study of the synthesis, characterization and activity
of TiO2 and mixed TiO2/SiO2 photocatalysts. Appl. Catal. A 312,
202–212.
Alaoui, O.T., Nguyen, Q.T., Rhlalou, T., 2009. Preparation and
characterization of a new TiO2/SiO2 composite catalyst for
photocatalytic degradation of indigo carmin. Environ. Chem. Lett.
7, 175–181.
Anderson, C., Bard, A.J., 1997. Improved photocatalytic activity and
characterization of mixed TiO2/SiO2 and TiO2/Al2O3 materials. J.
Phys. Chem. B 101, 2611–2616.
Ban, T., Tanaka, Y., Ohya, Y., 2011. Hydrothermal synthesis of highly
water-dispersible anatase nanocrystals from transparent aqueous
sols of titanate colloids. J. Nanopart. Res. 13, 273–281.
Beydoun, D., Amal, R., Low, G., McEvoy, S., 1999. Role of
nanoparticles in photocatalysis. J. Nanopart. Res. 1, 439–458.
Bitlisi, B.O., Yumurtas, A., 2008. Self cleaning leathers-the effect of
nano TiO2. J. Soc. Leather Technol. Chem. 92 (5), 183–186.
Brown, M.E., 2001. Introduction to thermal analysis, Kluwert
Academic Publ.
Bui, D.N., Kang, S.Z., Li, X., Mu, J., 2011. Effect of Si doping on the
photocatalytic activity and photoelectrochemical property of TiO2
nanoparticles. Catal. Commun. 13, 14–17.
Calleja, G., Serrano, D.P., Sanz, R., Pizarro, P., 2008. Mesostructured
SiO2-doped TiO2 with enhanced thermal stability prepared by a
soft-templating sol-gel route. Micropor. Mesopor. Mater. 111, 429–
440.
Chen, J., Yao, M., Wang, X., 2008. Investigation of transition metal
ion doping behaviors on TiO2 nanoparticles. J. Nanopart. Res. 10,
163–171.
Cheng, P., Zheng, M., Jin, Y., Huang, Q., Gu, M., 2003. Preparation
and characterization of silica-doped titania photocatalyst through
sol–gel method. Mater. Lett. 57, 2989–2994.
Cheng, P., Zheng, M., Jin, Y., Huang, Q., Gu, M., 2003. Preparation
and characterization of silica-doped titania photocatalyst through
sol–gel method. Mater. Lett. 57, 2989–2994.Please cite this article in press as: Gaidau, C. et al., Preparation of silica doped tita
application for leather surface functionalization. Arabian Journal of Chemistry (201Cho, C.H., Kim, D.K., Kim, D.H., 2003. Photocatalytic activity of
monodispersed spherical TiO2 particles with different crystalliza-
tion routes. J. Am. Ceram. Soc. 86, 1138–1145.
Fujishima, A., Zhang, X., 2006. Titanium dioxide photocatalysis:
present situation and future approaches. C.R. Chimie 9, 750–760.
Fujishima, A., Zhang, X., Tryk, D.A., 2008. TiO2 photocatalysis and
related surface phenomena. Surf. Sci. Rep. 63, 515–582.
Gupta, S.M., Tripathi, M., 2011. A review of TiO2 nanoparticles.
Chin. Sci. Bull. 56, 1639–1657.
Gupta, S.M., Tripathi, M., 2012. A review on the synthesis of TiO2
nanoparticles by solution route. Cent. Eur. J. Chem. 10, 279–294.
Hirano, M., Ichihashi, Y., 2009. Phase transformation and precipita-
tion behavior of niobium component out of niobium-doped
anatase-type TiO2 nanoparticles synthesized via hydrothermal
crystallization. J. Mater. Sci. 44, 6135–6143.
Ivanov, V.K., Maksimov, V.D., Shaporev, A.S., Baranchikov, A.E.,
Churagulov, B.P., Zvereva, I.A., Tret’yakov, Yu D., 2010.
Hydrothermal synthesis of efficient TiO2 based photocatalysts.
Russ. J. Inorg. Chem. 55, 150–154.
Jung, S.M., Dupont, O., Grange, P., 2001. TiO2–SiO2 mixed oxide
modified with H2SO4: I. Characterization of the microstructure of
metal oxide and sulfate. Appl. Catal. A: Gen. 208 (1–2), 393–401.
Klaysri, R., Wichaidit, S., Tubchareon, T., Nokjan, S., Piticharoen-
phun, S., Mekasuwandumrong, O., Praserthdam, P., 2015. Impact
of calcination atmospheres on the physiochemical and photocat-
alytic properties of nanocrystalline TiO2 and Si-doped TiO2.
Ceram. Int. 41, 11409–11417.
Li, Q., Sun, D., Kim, H., 2011. Fabrication of porous TiO2 nanofiber
and its photocatalytic activity. Mater. Res. Bull. 46, 2094–2099.
Liang, S., Neisius, N.M., Gaan, S., 2013. Recent developments in
flame retardant polymeric coatings. Prog. Org. Coat. 76, 1642–
1665.
Liou, J.-W., Chang, H.-H., 2012. Bactericidal effects and mechanisms
of visible light-responsive titanium dioxide photocatalysts on
pathogenic bacteria. Arch. Immunol. Ther. Exp. 60, 267–275.
Liu, Z.Y., Quan, X., Fu, H.B., Li, X.Y., Yang, K., 2004. Effect of
embedded-silica on microstructure andphotocatalytic activity of
titania prepared by ultrasound-assisted hydrolysis. Appl. Catal. B
52, 33–40.
Liu, Z.L., Cui, Z.L., Zhang, Z.K., 2005. The structural defects and
UV–Vis spectral characterization of TiO2 particles doped in the
lattice with Cr3+ cations. Mater. Char. 54, 123–129.
Liu, W.-X., Ma, J., Qu, X.-G., Cao, W.-B., 2009. Hydrothermal
synthesis of (Fe, N) co-doped TiO2 powders and their photocat-
alytic properties under visible light irradiation. Res. Chem.
Intermed. 35, 321–328.
Lu, Z., Jiang, X., Zhou, B., Wu, X., Lu, L., 2011. Study of effect
annealing temperature on the structure, morphology and photo-
catalytic activity of Si doped TiO2 thin films deposited by electron
beam evaporation. Appl. Surf. Sci. 257, 10715–10720.
Lu, H.B., Zhou, Y.Z., Vongehr, S., Tang, S.C., Meng, X.K., 2012.
Effects of hydrothermal temperature on formation and decol-
oration characteristics of anatase TiO2 nanoparticles. Sci.Chin.
Technol. Sci. 55, 894–902.
Meng, F.M., Lu, F., Sun, Z.Q., Lu¨, J.G., 2010. A mechanism for
enhanced photocatalytic activity of nano-size silver particle mod-
ified titanium dioxide thin films. Sci. China Technol. Sci. 53, 3027–
3032.
Mirabedini, A., Mirabedini, S.M., Babalou, A.A., Pazokifard, S.,
2011. Synthesis, characterization and enhanced photocatalytic
activity of TiO2/SiO2 nanocomposite in an aqueous solution and
acrylic-based coatings. Prog. Org. Coat. 72, 453–460.
Moafi, H.F., Shojaie, A.F., 2011. Flame-retardancy and photocatalytic
properties of cellulosic fabric coated by nano-sized titanium
dioxide. J. Therm. Anal. Calor. 104, 717–724.nia nanoparticles with thermal stability and photocatalytic properties and their
6), http://dx.doi.org/10.1016/j.arabjc.2016.09.002
16 C. Gaidau et al.Nie, X., Zhuo, S., Maeng, G., Sohlberg, K., 2009. Doping of TiO2
polymorphs for altered optical and photocatalytic properties. Int.
J. Photoenergy. Article ID 294042.
Petica, A., Gaidau, C., Ignat, M., Sendrea, C., Anicai, L., 2015. Doped
TiO2 nanophotocatalysts for leather surface finishing with self-
cleaning properties. J. Coat. Technol. Res. 12 (6), 1153–1163.
Rehman, S., Ullah, R., Butt, A.M., Gohar, N.D., 2009. Strategies of
making TiO2 and ZnO visible light active. J. Hazard. Mater. 170,
560–569.
Serpone, N., Lawless, D., Disdier, J., Herrmann, J.-M., 1994.
Spectroscopic, photoconductivity, and photocatalytic studies of
TiO2 colloids: naked and with the lattice doped with Cr3+, Fe3+,
and V5+ cations. Langmuir 10, 643–652.
Shapovalov, V.I., 2010. Nanopowders and films of titanium oxide for
photocatalysis: a review. Glass Phys. Chem 36, 121–157.
So¨nmezoglu, S., 2013. Processing and electrical characterization of
metal-oxide-semiconductor structures prepared by DBSA-doped
TiO2 nanoparticles. Curr. Nanosci. 9 (1), 39–45.
So¨nmezoglu, S., C¸ankaya, G., Serin, N., 2012. Phase transformation
of nanostructured titanium dioxide thin films grown by sol–gel
method. Appl. Phys. A Mater. Sci. Process. 107 (1), 233–241.
Takeuchi, M., Yamashita, H., Matsuoka, M., Anpo, M., Hirao, T.,
Itoh, N., Iwamoto, N., 2000. Photocatalytic decomposition of NO
under visible light irradiation on the Cr-ion-implanted TiO2 thin
film photocatalyst. Catal. Lett. 67, 135–137.
Totolin, V., Sarmadi, M., Manolache, S.O., Denes, F.S., 2010.
Atmospheric pressure plasma enhanced synthesis of flame retar-
dant cellulosic materials. J. Appl. Polym. Sci. 117, 281–289.Please cite this article in press as: Gaidau, C. et al., Preparation of silica doped tita
application for leather surface functionalization. Arabian Journal of Chemistry (201Wang, H., Liu, Y., Zhong, M., Xu, H., Huang, H., Shen, H., 2011. In
situ controlled synthesis of various TiO2 nanostructured materials
via a facile hydrothermal route. J. Nanopart. Res. 13, 1855–1863.
Wei, F., Ni, L., Cui, P., 2008. Preparation and characterization of N-S-
codopedTiO(2) photocatalyst and its photocatalytic activity. J.
Hazard. Mater. 156, 135–140.
Xu, Q., Ma, J., Fan, Q., Yan, Z., Design and Fabrication of Casein-
based TiO2 Nanocomposite for Self-cleaning Leather Finishes,
XXXIII IULTCS Congress November, 24–27th, 2015 Novo
Hamburgo/Brazil, 026.
Yamashita, H., Kawasaki, S., Ichihashi, Y., Harada, M., Takeuchi,
M., Anpo, M., 1998. Characterization of titanium-silicon binary
oxide catalysts prepared by the sol-gel method and their photocat-
alytic reactivity for the liquid-phase oxidation of 1-octanol. J. Phys.
Chem. B 102, 5870–5875.
Yan, X., He, J., Evans, D.G., Duan, X., Zhu, Y., 2005. Preparation,
characterization and photocatalytic activity of Si-doped and rare
earth-doped TiO2 from mesoporous precursors. Appl. Catal. B 55,
243–252.
Yoshimura, M., Byrappa, K., 2008. Hydrothermal processing of
materials: past, present and future. J. Mater. Sci. 43, 2085–2103.
Zaleska, A., 2008. Doped-TiO2: a review. Recent Patents Eng. 2, 157–
164.
Zhan, S., Yang, Y., Gao, X., Yu, H., Yang, S., Zhu, D., Liet, Y., 2014.
Rapid degradation of toxic toluene using novel mesoporous SiO2
doped TiO2 nanofibers. Catal. Today 225, 10–17.nia nanoparticles with thermal stability and photocatalytic properties and their
6), http://dx.doi.org/10.1016/j.arabjc.2016.09.002
